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INTRODUCTION
Subsurface storage is the practice of emplacing fluids in permeable underground rocks (aquifers) by gravity flow or pressure-induced injection through wells. The receiving rocks must have sufficient confinement, porosity, and permeability to accept the fluids without endangering underground sources of drinking water. In most cases, the fluids are nontoxic liquid wastes that cannot easily be disposed of at the surface. In some cases, however, the fluids are valuable and are temporarily emplaced underground for later recovery. The subsurface storage practice is commonly referred to as "underground injection," "deep disposal," and "deep-well injection." Regulation of the practice is the responsibility of the U.S. Environmental Protection Agency, the Florida Department of Environmental Regulation, and the Florida Department of Natural Resources.
Injection of nontoxic liquid wastes into the saline water of the Boulder Zone as a pollutioncontrol measure began in 1943 with the injection of brine at an oil field a few miles east of Naples. Subsequently, the practice has expanded rapidly, and many high-capacity, municipally operated, wastewater-injection wells are now in use along the southeast coast of Florida (Vernon, 1970; Vecchioli and others, 1979; and Meyer, 1984) . Determination of the amount and extent of injection was necessary in order to assess its impact on water supply.
Purpose and Scope The purposes of this report are to: (1) describe the hydrogeology of the Floridan aquifer system in south Florida and its relation to the practice of subsurface storage, (2) discuss the rules and regulations concerned with the control of underground (subsurface) injection, (3) identify and quantify the types of liquid wastes which have been injected into the Floridan aquifer system, and (4) identify and summarize thQ results of pilot studies concerned with the storage of freshwater in the Floridan aquifer system.
Water-bearing zones in the Floridan aquifer system that were receiving liquid wastes as of 1984 are identified and described. Legislation by Federal and State Governments that regulate underground injection is discussed. Data are presented on the injected amounts of brine from oil fields, treated wastewater from municipalities, liquid wastes from industries, and amounts of freshwater stored and recovered by pilot studies designed to explore use of freshwater injection, storage, and recovery as a water-supply alternative.
Previous Investigations Various aspects of subsurface storage of liquid wastes into the Floridan aquifer system in south Florida were reported by Garcia-Bengochea and Vernon (1969) , Vernon (1970) , Vecchioli and others (1979) , Meyer (1971; 1974; 1984) , Miller (1979) , Merritt and others (1983), and Wedderburn and Knapp (1983) . Regional aspects of the hydrogeology of the Floridan aquifer system in south Florida were reported by Stringfield (1936; 1953; 1966) , Parker and others (1955) , Kohout (1965; , Vernon (1970), and Miller (1986) .
HYDROGEOLOGY OF SOUTH FLORIDA AND ITS RELATION TO SUBSURFACE STORAGE OF LIQUIDS
South Florida is underlain by rocks of Cenozoic age to a depth of about 5,000 feet. These rocks are principally carbonates (limestone and dolostone) with minor amounts of evaporites (gypsum and anhydrite) in the lower part and elastics (sand and clay) in the upper part. The movement of ground water from inland areas to the ocean or vice versa occurs principally through the carbonate rocks.
Evaporites in the Cedar Keys Formation of Paleocene age probably comprise the lower confining unit or base of the active flow system ( fig.  1 ). Overlying the evaporites are limestones and dolostones ranging in age from Paleocene to early Miocene that comprise the Floridan aquifer system. Ground water in the Floridan aquifer system in south Florida contains ground water that is generally too saline for most water supplies. The Lower Floridan aquifer contains ground water that is similar in chemical composition to seawater and is chiefly used as a receptacle for injected liquid wastes; the Upper Floridan aquifer contains brackish water and is chiefly used as a source for limited industrial or agricultural supply and for feedwater to desalting plants. Pilot studies indicate that the upper part of the Floridan aquifer system in south Florida has the potential for cyclic storage of freshwater (Merritt and others, 1983) .
Overlying the Floridan aquifer system are alternating beds of sand, clay, marl, and limestone in the Tampa Limestone and Hawthorn Formation (both of Miocene age) that contain intermediate artesian aquifers and comprise the upper confining unit for the Floridan aquifer system. In southeast Florida, clay in the Tamiami Formation of Pliocene age is included in the upper confining unit. Limestone aquifers in Miocene deposits are important local sources of water for supply in southwest Florida.
Overlying the upper confining unit are limestones and sands of the Tamiami Formation and undifferentiated Pleistocene deposits of limestone and sand that comprise the surficial aquifer system and contain unconfined ground water. The surficial aquifer system is the major source of potable water in south Florida.
Floridan Aquifer System The Floridan aquifer system is defined (Miller, 1986) as a vertically continuous sequence of permeable carbonate rocks of Tertiary age that are hydraulically connected in varying degrees, and whose permeability is generally several orders of magnitude greater than that of those rocks that bound the system above and below. In Florida, it includes rocks ranging in age from early Miocene to Paleocene.
In southeast Florida, the Floridan aquifer system includes (from shallowest to deepest) all or part of the Suwannee Limestone of Oligocene age, the Ocala Limestone of late Eocene age, the Avon Park Formation of middle Eocene age, the Oldsmar Formation of early Eocene age, and the upper part of the Cedar Keys Formation of Paleocene age ( fig. 1) . In southwest Florida, it locally includes the lower part of the Tampa Limestone of early Miocene age.
Some investigators place the top of the Floridan aquifer system in the lower part of the Hawthorn Formation of middle Miocene age wherever it contains permeable limestone hydraulically connected to deeper layers (Parker and others, 1955; Stringfield, 1966) . Using regional criteria based largely on lithologic changes in the rocks, Miller (1986) placed the top of the Floridan aquifer system at or near the top of the Suwannee Limestone in southwest Florida and at or near the base of the Suwannee Limestone in southeast Florida. The top of the Floridan aquifer system, as used in this report, ranges from about 500 to 1,000 feet in depth. The base of the Floridan aquifer system (the lowest confining unit) generally coincides with the top of evaporite beds in the Cedar Keys Formation (Miller, 1986) , and it ranges from 3,500 to 4,100 feet in depth.
The rocks that comprise the Floridan aquifer system vary greatly in permeability so that it resembles a "layer cake" composed of many alternating zones of low and high permeability. Crossflow (vertical flow) between permeable zones probably occurs through sinkholes and fractures. However, the amount of crossflow probably is small compared to the amount of horizontal flow. The zones of highest permeability generally occur at or near unconformities and generally are parallel to bedding planes.
The temperature of ground water in the Floridan aquifer system in areas along the Atlantic coast generally decreases with increasing depth. Ground-water temperatures generally are coolest along the southeast coast where the temperature of seawater in the adjacent Straits of Florida is the lowest. Ground-water salinity is generally highest in coastal parts of south Florida and in the lower part of the Floridan aquifer system because of inland circulation of seawater (Kohout, 1965) . Anomalies frequently occur inland which probably is because of local upwelling of warm saltwater through fractures and sinkholes.
In southern Florida, the Floridan aquifer system can generally be divided largely on the basis of the geology, hydrochemistry, and hydraulics interpreted from data obtained by the authors (Meyer, 1987) On the basis of aquifer tests and a regional flow model, the transmissivity is estimated to range from 10,000 to 250,000 ft2/d (Bush, 1982) . Ground water in the aquifer is virtually brackish. The salinity of the ground water generally increases with increasing depth and with distance downgradient and southward from central Florida. Ground-water temperatures also generally increase downgradient and southward from the recharge area in central Florida. However, temperatures along the southeast coast are lowest (about 70.0 °F) because of heat transfer to the Atlantic Ocean (Straits of Florida) (Sproul, 1977, p. 75) and/or to heat transfer to cooler saltwater in the Lower Floridan aquifer (Kohout, 1965) . Temperature and salinity anomalies in inland areas are related to upwelling ground water from the Lower Floridan aquifer.
Water movement chiefly is through highly permeable zones of dissolution at or near the top of each formation. Ground-water movement in May 1980 was generally from the area of highest head near Polk City in central Florida to the Gulf of Mexico and to the Atlantic Ocean ( fig. 2) . The area of highest freshwater head is herein referred to as the "Polk City high." Before development (late 1800's or early 1900's), the head in south Florida probably was 5 to 10 feet higher than present. As a result of water use and sea-level rise, hydraulic gradients in south Florida have been reduced, thereby causing a decrease of natural discharge by submarine springs along the southeast coast and movement of seawater inland to a new position of equilibrium. The concave shape of the contours on the 1980 potentiometric surface map along the southeast coast indicates discharge by submarine springs in the submerged karst on the Miami Terrace between Fort Lauderdale and Miami.
Middle Confining Unit The middle confining unit of the Floridan aquifer system chiefly consists of the lower part of the Avon Park Formation but locally includes the upper part of the Oldsmar Formation (formerly the Lake City Limestone). The permeability of the unit is relatively low, and it generally separates the Upper Floridan aquifer, containing brackish ground water, from the Lower Floridan aquifer, containing ground water that compares closely to seawater. Hydraulic connection between the upper and lower aquifers by sinkholes and fractures that transect the middle confining unit is inferred. Ground-water movement in south Florida is estimated to be chiefly upward from the Lower Floridan aquifer through the middle confining unit, then laterally toward the ocean through the Upper Floridan aquifer. Salinity varies greatly at the top of the middle confining unit as the upward moving saltwater is blended with the seaward-flowing freshwater in the Upper Floridan aquifer. As previously stated, temperature and salinity anomalies in the Upper Floridan aquifer are evidence of upwelling saltwater from the lower part of the Floridan aquifer system. Lower Floridan Aquifer The Lower Floridan aquifer consists chiefly of the Oldsmar Formation and, to a lesser degree, the upper part of the Cedar Keys Formation. Ground water in the Lower Floridan aquifer compares chemically to that of modern seawater. Three permeable dolostones within the Oldsmar Formation are separated by less-permeable limestones. The transmissivity of the lower dolostone (locally called the Boulder Zone) (Miller, 1986 . p. B65-B66) ranges from about 3.2 x 106 fr/d (Meyer, 1974) to 2.5 x 107 ft2/d (Singh and others, 1983) , whereas that for the overlying dolostones probably is an order of magnitude less. In southeast Florida, hydraulic connection between the lower and intermediate dolostones is inferred from pumping tests and from the presence of sinkholes and fractures; however, hydraulic connection between the intermediate and upper dolostones probably is poor, and locally the upper dolostone may be more closely related to the middle confining unit than to the Lower Floridan aquifer. In southwest Florida, drilling data suggest that dolostones are hydraulically connected although head data and aquifer tests are lacking to confirm this interpretation.
A pronounced temperature anomaly occurs in the Lower Floridan aquifer with the lowest measured temperature (50.5 °F or 10.3 °C) in a deep disposal well (G 2334) at Fort Lauderdale ( fig. 3 ). Temperatures generally increase from the Straits of Florida inland toward the center of the Floridan Plateau (figs. 1 and 4). Kohout (1965) hypothesized circulation of cold seawater inland from the Straits of Florida through the lower part of the Floridan aquifer system by geothermal heat flow. Attempts to calculate hydraulic gradients in the Lower Floridan aquifer to verify ground-water movement have, thus far, been unsuccessful because of the lack of reliable head data and to transitory effects of tides (ocean, Earth, and atmospheric). However, recent measurements of head in the waters of the Boulder Zone at site 9 ( fig. 4 ) in well G -2334 and site 10 ( fig. 4) (Kaufman and McKenzie, 1975) . Before 1970, the regulation of injection wells was a principal function of the Florida State Board of Health (Chapter 17C-3, Florida Administrative Code), and permits were issued as though the injection well was a drainage well. The criterion for issuing the permit was that the receiving rocks contain water which was nonpotable and salty; that is, water with a chloride concentration equal to or greater than 1,500 mg/L. Subsequent assignment of the permitting function to the Florida Department of Pollution Control in 1970 led to more stringent regulation, and permits were issued only after thorough review by the Florida Department of Natural Resources, the State Board of Health, and the local Water Management District in consultation with the U.S. Geological Survey.
As injection wells expanded rapidly in the early 1970's, the Federal Government became increasingly concerned about the impact of deep-well disposal practices on drinking water supplies. All injection wells other than those associated with oil and gas production are regulated by the Florida Department of Environmental Regulation (1982) (Chapter 17-28, Florida Administrative Code). The purpose of the UIC rules is to protect the quality of the State's underground sources of drinking water and to prevent degradation of the quality of other aquifers adjacent to the injection zone. The rules regulate the location, construction, operation, and monitoring of injection wells so that the injection does not interfere with any designated use of ground water or cause violations of water-quality standards for underground sources of drinking water. Underground sources of drinking water are defined by the State as an aquifer or its portion that supplies drinking water for human consumption, or is classified by rule 17 3.403 (Florida Administrative Code) as class G I or G II water and is not an exempted aquifer. In general, ground water with a total dissolved solids concentration of 10,000 mg/L or less is protected by the UIC rules. For detailed information on the standards and permitting procedures for injection wells, the reader should contact the appropriate State agency.
This report is concerned with class I injection wells, those which are used to inject municipal and industrial waste water; class II injection wells, those which are used to inject oil-field brine; and class V, group 2, injection wells, those which are used to inject freshwater for storage.
Oil-Field Brine
Since the discovery of oil in south Florida in 1943 at a field in Collier County, 12 other oil fields have been discovered that have produced commercial amounts of crude oil ( fig. 5 ). Oil is produced chiefly from Lower Cretaceous limestone, called the Sunniland Zone by drillers, which underlies the region at depths ranging from 11,000 to 12,000 feet. Along with the crude oil produced are large quantities of saltwater called."brine.11 The brine is several times saltier than seawater, and small amounts spilled on the surface can render a potable water supply useless for many years. Analyses of selected oil-field brine are shown in table 1. Chloride concentrations for the brine ranged from 108,000 to 164,570 mg/L, compared to about 19,200 mg/L for seawater.
Total oil production for the 13 fields during 1943-83 was about 77.3 million bbl (barrels) (about 3.2 billion gallons), and brine production was about 193.2 million bbl (about 8.1 billion gallons). The largest producer of oil and brine (fig. 5, site 4) yielded about 35.1 million bbl of oil and about 72.7 million bbl of brine during 1966-83. 1 Use of brand, firm, or trade names in this report is for identification purposes only and does not constitute endorsement by the U.S. Geological Survey.
Next is the field (fig. 5, site 1) , which yielded about 18 million bbl of oil and about 51.9 million bbl of brine during 1943 -83. During 1943 , the ratio of brine to oil was relatively stable as production was mostly from the field shown as site 1 in figure 5 . Subsequent oil production at site 4 resulted in significantly greater amounts of brine and, in 1971, oil production leveled off while brine production continued to increase exponentially ( fig. 6 ). Ultimately, oil production began to decline in 1978, and brine production continued to rise. The brine-to-oil ratio in 1983 was 6.4 to 1.0 compared to a unit ratio in 1964.
Some of the produced brine was used to repressive the oil-producing zone during 1966 83 to enhance oil recovery. This process is called "waterflooding" or "secondary recovery" and generally involves injection of the brine back into an abandoned oil well. About 23.6 million bbl (about 991 Mgal) of brine were reinjected into the producing zone for water flooding. A summary of brine production by oil field is presented in table 2. During 1943-83, about 193 .2 million bbl (about 8.1 billion gallons) of brine were produced, of which about 169.6 million bbl (about 7.1 billion gallons) were injected into the Boulder Zone (Lower Floridan aquifer), and about 23.6 million bbl (about 1.0 billion gallons) were injected back into the oil-producing zone. Figure 7 shows the hydrogeology and construction details of typical class II oil-field brine disposal wells at two oil fields (sites 12 and 1). The injection well at site 2 was constructed since establishment of the UIC rules and includes current design criteria. The injection well at site 1 is a converted oil-production well with a cement plug in the lower confining unit of the Floridan aquifer system. Both wells, however, inject brine through perforations into the Boulder Zone (Lower Floridan aquifer). The main difference between the injection wells is that the injection well at site 12 has two strings of casing that extend from land surface to the middle confining unit of the Floridan aquifer system, whereas the well at site 1 has only one string of casing to protect brackish ground water in the Upper Floridan aquifer.
Municipal and Industrial Liquid Wastes
The practice of injecting municipal and industrial liquid wastes through injection wells into the Floridan aquifer system is common in the southeastern part of the Florida Peninsula (fig. 5) . The start of the injection of treated municipal wastewater and industrial liquid wastes was mentioned previously in the report. In both cases, the liquid wastes were injected into brackish waterbearing zones of the Upper Floridan aquifer because the then existing criteria for injection required only that the receiving rocks contain water having a chloride concentration of at least 1,500 mg/L. Problems ultimately developed with the operation of both systems. In the wastewatertreatment plant system (site 14), the lowtransmissivity of the aquifer and high suspended solids in the injectant caused frequent plugging of the wellbore and excessive injection pressure (McKenzie and Irwin, 1984) . In the furfural plant system (site 15), the hot acid waste migrated upward from the lower part of the Floridan aquifer system to appear in a monitored zone near the top of the aquifer (Kaufman and McKenzie, 1975; McKenzie, 1976; and Vecchioli and others, 1979) .
The practice of deep-well injection became increasingly attractive in 1969 when a test injection well drilled at a wastewater-treatment plant ( fig. 5, site 16 ) tapped the highly transmissive saltwater-filled Boulder Zone of the Lower Floridan aquifer. An evaluation of the natural water-level fluctuations in the well by Meyer (1974) suggested that the transmissivity of the Boulder Zone was about 3.2 x 106 ft2/d; however, a later pumping test at a wastewater-treatment plant ( fig. 5, site 22) suggested that the transmissivity was about 2.5 x ICr ft2/d (Singh and others, 1983) . The success of the injection well at site 16 soon led to rapid exploitation of the Boulder Zone as a receptacle for nonhazardous municipal and industrial liquid wastes. At site 20, the industrial liquid waste is caustic (chiefly aluminum hydroxide and sodium chloride), a byproduct from the production of pectin. Analyses of the injectant from site 20 were unavailable.
The injected municipal liquid waste is secondary-treated wastewater; that is, wastewater that has had at least 90 percent of the suspended solids and biochemical oxygen demand removed by treatment. The characteristics of the treated wastewater vary from plant to plant, but the 1960 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 (HC03 ) Calcium ( Sample of treated effluent (injectant of secondary-treated wastewater) was collected on April 18, 1978; sample of raw surface-water supply (Clear Lake) was collected on May 9, 1979; sample of native ground water (Boulder Zone) was collected from injection well 2 on May 30, 1972, density was 1.022 grams per milliliter at 20.0 *C, and hydrogen sulfide was 2.4 milligrams per liter. Injection rates have increased exponentially since 1971 when the injection well at site 16 became operational and injection was directed to the Boulder Zone. In 1983, the rate was about 73.5 Mgal/d, and the estimated rate for 1984 was 112 Mgal/d(table5).
In 1983, two injection wells ( fig. 5 , sites 16 and 17) were removed from service because of small leaks in uncemented (conductor) inner casings, and the effluent from the plant was directed to other treatment facilities of the Miami-Dade Water and Sewer Authority. Also, in 1983, a small leak was detected in the uncemented inner casing of a third injection well ( fig. 5 , site 18), and construction of a replacement well was required by the Florida Department of Environmental Regulation before remedial work could be performed on the leaking well. Despite these minor problems, which have been resolved by the enforcement of the UIC rules, the outlook for class I deep-well injection in south Florida is for continued expansion. The outlook, however, should include caution because the injected liquid wastes will ultimately become part of the regional ground-water circulation system. The injected waste, thus, will move with the hypothesized inland and upward flow of seawater from the Straits of Florida through the Boulder Zone of the Lower Floridan aquifer. Typical construction characteristics of nontoxic class I municipal and industrial liquid-waste disposal wells are shown in figures 9 and 10 along with the local hydrogeology. The construction of the municipal liquid-waste disposal well ( fig. 9 ) is based on that for well 3 at the City of Fort Lauderdale's Port Everglades wastewater-treatment plant ( fig. 5, site 9 ). The well is constructed with telescoping steel casings to protect potential drinking water resources in the surficial aquifer and the Upper Floridan aquifer. The casings are cemented in place, from top to bottom, with special sulfate-resistant cement. The steel inner (conductor) casing is 24 inches in diameter and is 0.5-inch thick. The well has a minimum injection capacity of 15 Mgal/d. The construction of the industrial liquid-waste disposal well is based on that for well 3 at the furfural plant ( fig. 5, site 15) . The well is also constructed with several steel casings that are cemented in place with special cement to resist heat and corrosion and to protect potential drinking water resources. The inner (conductor) casing is a special alloy which is acid and heat resistant. Not shown in figures 9 and 10 are monitor wells, which are located nearby to detect leaks and upward migrating wastes.
Freshwater
Subsurface storage of freshwater in the Floridan aquifer system as an alternative to surface storage has become increasingly attractive to water managers in south Florida as urbanization and population growth have placed increasing demands on the water supply. The advantages of the subsurface storage concept are that subsurface space is free, water loss by evapotranspiration is nonexistent, and the site may be located at the point of greatest need, provided hydrogeologic conditions are favorable. The concept is particularly desirable in south Florida where real estate has become very expensive, the availability of water is seasonal, and underlying artesian aquifers in the intermediate (Miocene) aquifer system and the Floridan aquifer system contain nonpotable saline ground water.
The source of freshwater for injection would be whatever surplus is available within the surfacewater storage system or the surficial aquifer system during the annual wet season. On an annual basis, the surplus freshwater would be injected through class V injection wells into suitable artesian aquifers during the wet season, stored for a short period (perhaps 3 to 6 months), then withdrawn as needed during the dry season, hence, the term "cyclic injection-storagerecovery1 that is used in this report. The success of a cycle is the recovery efficiency which is defined as the volume of freshwater recovered before it fails to meet a prescribed chemical standard, expressed as a percentage of the volume of freshwater that was injected. Pilot studies to date in south Florida have assumed the chemical standard established by the U.S. Environmental Protection Agency (EPA) for chloride concentration (250 mg/L) of public water supply (U.S. Environmental Protection Agency, 1983. Other criteria may be used depending on the particular use of the recovered water. For example, a higher chloride standard could be used if the recovered water were mixed with surface water to yield a blend that would meet drinking water standards.
Theoretical and pilot-operational studies to date indicate that the recovery efficiency usually improves with successive cycles, provided that recovery ceases when the recovered water reaches the standard, and that the storage period is sufficiently short to prevent significant migration of the injectant away from the point of recovery.
Pilot studies have been conducted at four sites ( fig. 5 ) in south Florida with varying degrees of success (Merritt and others, 1983; Wedderburn and Knapp, 1983) . Also, data on the recovery of injected wastewater (freshwater) from class I injection wells during repairs, testing, and abandonment have yielded valuable information on the recovery efficiency (McKenzie and Irwin, 1984) . Aspects of the existing pilot studies are summarized in table 6. Of the four studies, three (fig. 5, sites 24, 25, and 27 ) involved injection into water-bearing zones of the Upper Floridan aquifer, and one ( fig. 5 , site 26) involved injection into water-bearing zones of the intermediate aquifer system. Plugging of the wellbore by suspended solids in the injectant was a significant problem in all four studies.
At site 24 in Palm Beach County (table 6) , injection was chiefly into water-bearing zones of the Ocala Limestone and Avon Park Formation (units of the Upper Floridan aquifer). The study involved four injection-storage-recovery cycles (J J. Plappert, Florida Department of Environmental Regulation, written commun., 1977) . Recovery efficiencies ranged from 0 to 35.2 percent. The transmissivity of the injection zone(s) probably is on the order of 10,000 to 20,000 fr/d although data are lacking to support that assumption. The injection zones are apparently associated with zones of dissolution occurring at or near unconformities that separate formations.
At site 25 in Dade County (table 6) , injection of freshwater chiefly was into water-bearing zones of the Suwannee Limestone although the injection well tapped parts of the Tampa Limestone and Avon Park Formation (all units of the Upper Floridan aquifer). The study involved three injection-storage-recovery cycles. Recovery efficiencies ranged from 32.9 to 47.8 percent. A decline in the efficiency was recorded for the third cycle, which probably was related to migration of the injectant downgradient from the injectionrecovery well during the 181 days of storage. The transmissivity of the injection zone(s) is 11,000 ft /d. The results of the tests at this site were the basis for theoretical studies that used a mathematical model to evaluate the effects of varying Table 6 . Results of injection, storage, and recovery tests at sites 24 (Palm Beach County. 1975-76) . 25 (Dade County. 1975-80) . 26 (Lee County. 1980-82 At site 26, the efficiency (9.7 percent, cycle 2) was low because of relatively high chloride concentration of injected water; the purpose was to test the well after acidification. At site 27, recovery efficiency would have been 33 percent if the chloride concentration of the injected water had been 50 milligrams per liter.
3 At sites 25 and 26, natural artesian flow occurs; however, at site 26, improvement in cycle 2 is because of acidification of well.
Progressive decline because of wellbore plugging.
Estimated after loss of water because of equipment failure. aquifer characteristics, fluid salinity, regional flow, well patterns, and operating schedules on the recovery efficiency (Merritt, 1985) . At site 26 in Lee County (table 6), injection of freshwater was into water-bearing zones in limestone of the Hawthorn Formation (unit of the intermediate aquifer system). The study involved three injection-storage-recovery cycles. Recovery efficiencies ranged from 9.7 to 38.7 percent. The efficiency of the first cycle, which had the greatest efficiency value, probably is not representative of the true efficiency because of the small amount injected and short storage period. The recovery efficiency, based on reaching a chloride concentration of 250 mg/L, was only 2 percent, which was much less than expected for the great volume (3.4 billion gallons) that was injected during the 16 years of operation. The transmissivity of the injection zone was not determined but probably was greater than the previously discussed freshwater storage pilot studies. Records of the construction of one injection well suggest that injection occurred to a greater depth (perhaps as deep as 1,600 feet) than previously reported. The low recovery efficiency probably is a result of higher aquifer transmissivity, higher chloride concentration (hence, higher density) of the resident water, and construction problems. As with the previous pilot studies, plugging of the wellbore by suspended solids was a significant problem.
Unpublished data collected by the Florida Department of Environmental Regulation on the amount of treated sewage recovered from abandoned injection wells at sites 16 and 17 in Dade County suggest that the recovery efficiency for wells that tap the Boulder Zone of the Lower Floridan aquifer is virtually nonexistent. The injection well at site 16 was abandoned in 1983 after 13 years of operation and after about 18.4 billion gallons of effluent was injected; the injection well at site 17, also abandoned in 1983, was operated for 11 years during which time about 7.8 billion gallons of effluent was injected. At both sites, the chloride concentration of the injectant was about 60 mg/L, and the chloride concentration of the resident water was about 19,200 mg/L. For both sites, the amount of treated sewage recovered before the chloride concentration exceeded 250 mg/L did not exceed 1 Mgal. The recovery tests indicate that there is no potential for recovering stored freshwater from the highly transmissive Boulder Zone.
Dissolution zones at erosional unconformities between the Suwannee Limestone and Ocala Limestone and the Avon Park Formation probably offer the best opportunity for large-scale storage of freshwater in the subsurface of south Florida. Detailed maps of the dissolution zones are unavailable, but generalized regional maps showing the configuration of the top of the middle and upper Eocene rocks are shown in Miller (1986) . The surface is irregular and shows the effects of large-scale erosion at the close of the Eocene Epoch. Erosion removed the Ocala Limestone from much of southeast Florida and exposed the underlying (older) Avon Park Formation. Zones of dissolution are prominent near this erosion surface; therefore, the maps in Miller (1986) may be used to estimate the depth at which favorable injection zones likely occur.
SUMMARY
Subsurface storage of liquids is the practice of emplacing fluids in permeable underground rocks (aquifers) by gravity flow or pressure-induced injection through wells. Regulation of the practice in Florida is the responsibility of the U.S. Environmental Protection Agency, the Florida Department of Environmental Regulation, and the Florida Department of Natural Resources.
Injection of nontoxic liquid wastes into deep, saline parts of the Floridan aquifer system as a pollution-control measure began in 1943 with injection of oil-field brine in southwest Florida. Since then, the practice has expanded rapidly, and many high-capacity municipal and industrial injection wells are now in operation in southeast Florida.
In south Florida, the Floridan aquifer system is about 3,000 feet thick and is chiefly composed of carbonate rocks that range in age from early Miocene to Paleocene. It is divided into three general hydrogeologic units: (1) the Upper Floridan aquifer, which contains brackish ground water; (2) the middle confining unit, which contains salty ground water; and (3) the Lower Floridan aquifer, which contains ground water whose chemical composition compares closely to that of seawater. Zones of high permeability occur in the Upper Floridan aquifer at the unconformable contact of the Suwannee Limestone with the Ocala Limestone and the Ocala Limestone with the Avon Park Formation. Zones of high permeability in the Lower Floridan aquifer occur in three dolostones in the Oldsmar Formation of which the lowermost, locally called the Boulder Zone, is perhaps one of the most permeable units in the world. The maximum transmissivities of the Upper and Lower Floridan aquifers probably are about 2.5 x 105 f^/d and 2.5 x 107 ft2/d, respectively. The porosity of both aquifers is estimated at 0.3. In southeast Florida, the salinity of the ground water in the Floridan aquifer system generally increases with increasing depth, whereas water temperature decreases with increasing depth. Temperatures of salty ground water in the Lower Floridan aquifer (Boulder Zone) range from about 50 °F at Fort Lauderdale on the southeast coast to about 110 °F near Punta Gorda on the southwest coast.
Ground-water movement in the Upper Floridan aquifer in south Florida generally is southward from the recharge areas in central Florida, and then west and east to the Gulf of Mexico and the Atlantic Ocean. Hydraulic gradients in the Upper Floridan aquifer in southeast Florida suggest that eastward-flowing, brackish ground water is actively discharging through unfilled sinkholes on the Miami Terrace as submarine springs. The middle confining unit is relatively less permeable than the Upper and Lower Floridan aquifers, and it separates the two flow systems. However, the hydraulic connection between the aquifers is inferred from the occurrence of sinkholes and fractures and from local temperatures and salinity anomalies in the Upper Floridan aquifer.
The Floridan aquifer system has been used as a receptacle for oil-field brine since 1943. Pilot studies indicate that the Upper Floridan aquifer can be used for temporal storage of freshwater. However, storage of freshwater in the Lower Floridan aquifer is not feasible.
